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We used fluorescence spectroscopic measurements as a probe to study the self-healing properties
of anthraquinone derivative molecules doped in poly(methyl methacrylate) (PMMA). 2,4-dibromo
anthraquinone dye doped in PMMA recovers after photodegradation. Its dynamics differs from
other anthraquinone derivative molecules. This could be due to the relatively heavier bromine
atom attached to one of the carbon atoms of the benzene ring. In this paper, we will discuss the
self-healing properties of 2,4-dibromo anthraquinone doped in PMMA matrix. We also tested the
correlated chromophore domain model (CCrDM) and have characterized the self-healing properties
by determining the CCrDM parameters. We also estimated the self-absorption of fluorescence
signal by the dye molecule without which the analysis of the self-recovery of the molecule would be
incomplete.
OCIS Codes:
I. INTRODUCTION
Researchers have studied the photodegradation and
recovery of organic dyes[1–7] using different tech-
niques ranging from a non-linear process such as
two photons absorption[3, 4] and amplified sponta-
neous emission (ASE)[1, 5, 8, 9], to linear processes
such as fluorescence[2, 10] and absorption spectroscopic
measurements[8, 11]. Each methods has advantages and
drawbacks. For example, ASE is highly sensitive because
it can differentiate between the undamaged and the dam-
aged species, but it is extremely susceptible to laser drift
and the nonlinear nature of the response makes it difficult
to determine the population of the damaged molecules.
As a result, the measured time constant is highly incon-
sistent. Laser drift over a long time period can distort the
nature of the data and the mathematical function that
describes the recovery kinetics. Similarly, in the case of
fluorescence and absorption spectroscopy, the process is a
linear, hence does not require a complex calibration. Fur-
thermore, the amount of light absorbed is directly pro-
portional to the population of the molecules in its path.
In case of the absorption, both damaged and undam-
aged molecules contribute and one can not unentangle
the spectra of the damaged and undamaged species[12].
On the other hand fluorescence spectroscopy has been
shown to be sensitive to only the undamaged species be-
cause the damaged species do not contribute significantly
to the spectra measured.[12]. Hence, we used fluores-
cence spectroscopy as a probe to study the self-healing
properties of 2,4-dibromo anthraquinone molecule.
Of all the anthraquinone molecules that are shown to
undergo self-recovery[12], the 2,4-dibromo anthraquinone
molecule is of a special type because of the relatively
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heavier bromine atoms attached to the carbon atoms of
the benzene rings. All the other dye molecules studied in
the past have only nitrogen, oxygen or hydrogen on the
benzene molecule. In an attempt to understand its recov-
ery properties, we measured its decay and the recovery
rate as a function of temperature and concentration.
The only disadvantage of fluorescence spectroscopy
is self absorption because the sample by necessity has
a thickness that exceeds the 1/e × the absorption
length[12]. As a result, the fluorescence spectra partially
overlaps with the absorption spectra. So the sample ab-
sorbs a part of the fluorescence signal on its way to the
detector. Therefore, the true fluorescence spectra is al-
tered, so the measured decay and recovery time constants
can be inaccurate.
To account for this problem, we have estimated the
self-absorption of the fluorescence signal. Self-absorption
studied in the past[14, 15] does not apply to our geome-
try, so we have developed a customized model, which we
have applied to the analysis of self-healing.
Finally, to understand the mechanism that governs
self-recovery, we fit the data to the Correlated Chro-
mophore Domain Model (CCrDM)[9, 16, 19]. Pro-
posed mechanisms for self-healing include reorientational
diffusion[17] and its absence[8], twisted intramolecular
charge transfer[18], energy transfer between host poly-
mer matrix and dye called exciton[21] or between donor-
acceptor sites[22, 23] and thermalization[24, 25], but none
of these mechanisms explain self-recovery data. Only the
CCrDM fits into our data, suggesting domains are re-
sponsible.
II. EXPERIMENT
To study the self-healing properties of 2,4-dibromo an-
thraquinone molecules doped in PMMA polymer, we per-
formed fluorescence spectroscopic measurements with the
instruments diagrammed in Figure 1.
2The sample under the study is a thin film prepared
by the thermal-bulk-pressed method as follows. The
monomer liquid of methyl methacrylate (MMA) is run
through a column of densely packed quartz and alu-
minum powder to remove inhibitor and filter particu-
lates. A given mass of 2,4-dibromo anthraquinone dye
is dissolved into a volume of MMA liquid to get the de-
sired concentration, which is immediately sonicated for
45-60 minutes to fully dissolve the dye homogenously into
solution. A few drops of Butanethiol, a polymerization
initiator, and tert-butyl peroxide, a chain transfer agent,
are added to the dye-MMA solution to initiate the poly-
merization and control the polymer chain length. The
solution is again sonicated for 10-15 mins to dissolve all
the ingredients homogenously and passed through a GHP
ACRODISC filter whose pore size is 0.2 µm to remove
particulates or dye aggregates.
The solution thus obtained is then soaked at 95oC for
about 50 hours to polymerize it, then cooled, removed
from the bottle and crushed to small chips. Some pieces
of the chips are placed between two clean glass plates,
squeezed for 90 mins to 110-120 psi of pressure at 1500C
in a custom built oven to form a thin film of 250-300µm.
Except for taking concentration dependent fluorescence
measurements, all samples are prepared to a concentra-
tion of 3 grams of dye to 1 liter of MMA monomer. The
thin film, thus prepared, is stored in a refrigerator.
As shown in the Figure 1, A pump laser beam of wave-
length 488 nm from a Coherent Innova model 70C series
ion laser falls on a pair of polarizers which controls the
power of the pump laser beam to keep it at a constant av-
erage value of 3.46×105W/m2. A clean glass plate splits
a small portion of the pump laser beam to a Thorlabs
S20MM model power meter which monitors the stability
of the incident pump laser beam. Another portion of the
laser beam is focused on the thin film sample by a con-
vex lens. The sample is kept in an oven chamber whose
temperature is controlled by a a resistive heater driven
by a Micromega CN 77322-C2 unit, and the temperature
is monitored with an Omega model CN-2010 Thermo-
couple. A manual shutter is used to launch the pump
beam onto the sample. The fluorescence signal produced
by the sample is collected by a convex lens which directs
the signal to a fiber coupled to an Ocean Optics model
SD2000 spectrometer.
To estimate the degree of self-absorption by the sample
and to calculate the CCrDM parameters, we performed a
photochroism experiment, which is diagrammed in Fig-
ure 2. Except for the white light deuterium tungsten
halogen source with a wavelength range of 215-2500 nm,
all the other experimental components are the same as
described in Figure 1. The white light passes through
a filter to attenuate the intensity and a convex lens fo-
cusses it onto the sample. The spot at which the white
light is focussed onto the sample coincides with that of
the pump laser light and the diameter of the white probe
beam must be smaller than the diameter of the pump
laser beam to ensure that absorbance spectrum collected
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FIG. 1: fluorescence decay and recovery experiment.
corresponds to the absorbance spectrum of the damaged
species only. A manual shutter is used to block the white
light during recovery and opened for 10-15 sec in every
30 minutes to take the absorbance spectra. Both fluores-
cence and absorbance spectra are collected by the same
detector.
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FIG. 2: Photochroism experiment. The pump beam
continuously damages the sample while the probe beam
measures the absorbance spectra
III. RESULTS AND DISCUSSION
A representative change in fluorescence spectra of 1-
amino, 2,4-dibromo anthraquinone dye during decay and
recovery is shown in the Figure 3, which shows that there
is no evidence or very weak evidence of an isosbestic
3point. We have discussed earlier[12] that the absence
of an isobestic point in the fluorescence spectrum sug-
gest that only the fresh species of the anthraquinone dye
molecules fluoresce while the damaged species either do
not fluoresce or the fluorescence signal from the damaged
species is negligible compared to the fresh species. Hence,
the fluorescence intensity measured is proportional to the
population of the undamaged molecule.
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FIG. 3: Change in fluorescence spectra of 1-amino,
2,4-dibromo anthraquinone (top) during decay and
(bottom) during recovery.
We collected the peak amplitudes of the spectra during
decay and recovery, which are plotted in the Figure 4.
The time evolution of the peak amplitude is then fit to
the functions:
F (t) = F0 + Fd exp(−αt), (1)
and
F ′(t) = F ′0 + Fr exp(−βt), (2)
where F(t) is the peak amplitude at time t, F0 + Fd and
F ′0 + Fr are the amplitude of the spectra at time t = 0
during decay and during recovery respectively, F0 and F
′
0
are the amplitudes of the spectra at time t = ∞ and α
and β are the decay and recovery rate constants. Figure
4, shows that the sample is damaged by about 20− 30%
and recovers to 30−50% of its pristine state in 4-6 hours.
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FIG. 4: Fluorescence decay and recovery of peak
amplitude of 1-amino, 2,4-dibromo anthraquinone in
PMMA.
A representative change in the absorbance spectra of 1-
amino, 2,4-dibromo anthraquinone dye molecule is shown
in the Figure 5. The main peak of the absorbance spec-
tra is at 2.653 eV and two satellite peaks at 2.215 eV
and 3.144 eV. There are two isobestic points at 2.36 eV
and 3.00 eV. The presence of isobestic points in the ab-
sorbance spectra indicate that the degraded species of
the molecules must pass predominantly through at least
one species of photodegradation.
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FIG. 5: Change in the absorption spectrum relative to
the pristine state as a function of time.
Table I shows some of the important properties of dye
B at key wavelengths[12]:
The temperature and concentration-dependent fluores-
cence decay and recovery measurements of the dye pro-
4TABLE I: Properties of dye B at key wavelengths
(energies).
Wavelength comments Absorption 1/e ×
(Energy) cross section absorption
nm (eV) (×10−18cm2) length (µm)
488 (2.54 ) pump wavelength
for undamaged 24 88
molecule
488 (2.54) pump wavelength
for damaged 16 140
molecule
575 (2.16) fluorescence peak
wavelength for
undamaged
molecule 1.2 1800
575 (2.16) fluorescence peak
wavelength for
damaged
molecule 2.4 870
526 (2.36) isobestic point 1 54 390
414 (2.99) isobestic point 2 12 170
467 (2.653) absorption 1.63 30
peak
vides a window into the mechnisms. Figures 6 shows
temperature-dependent measurements and Figures 7 and
8 shows concentration-dependent measurements. Each
point in Figures 6, 7 and 8 is derived from a weighted
average fit of many measured data points to account for
variations in their uncertainties[34].
The experimental data for both temperature depen-
dent decay time constant and recovery time constant
agree with the domain model, which will be explained
later in this section. For comparison, Figure 6 shows
the decay and the recovery time constant of DO11. The
decay time constant of dye B is much less than that of
DO11 and the recovery time constant is larger than that
of DO11. Thus, as a function of temperature, dye B is
less photo robust as compared to DO11. We attribute
this properties to the relatively heavier bromine atom
attached to the carbon atoms of the benzene ring of dye
B.
From Figure 8 and similar report showing concen-
tration dependent decay and recovery time constant of
DO11[29], it seems that at the lower concentration, Dye
B recovers more quickly than DO11, but as the concen-
tration is increased, the recovery time of Dye B is longer
than that of DO11. Hence we can say that at lower con-
centration, Dye B is more photo robust than DO11, but
as the concentration is increased, DO11 is more photo
robust than Dye B.
Whether or not the decay and recovery time constant
of dye B as a function of temperature and concentra-
tion is greater or less than that of DO11, the self-healing
properties of dye B are unique and are mainly due to the
heavier bromine atoms attached to the carbon atoms of
the benzene ring in place of the methyl group.
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FIG. 6: Fluorescence decay time constant denoted by τd
and recovery time constant denoted by τr of dye B
(top) and dye A (bottom) as a function of temperature
at the peak of the fluorescence spectra and at the
isobestic point. The time constant, in both the top and
the bottom Figures, is plotted in the natural
logarithmic scale.
The experimental data for concentration-dependent
decay time constant is consistent with the domain model;
however, the concentration-dependent recovery time con-
stant does not agree with the domain model-not even
qualitatively. This will be discussed in detail later in this
section.
The environment also plays a crucial role in the de-
cay and recovery rate of the organic dye molecules. Re-
searchers have studied the role of the environment onn
the accelerated decay and accelerated recovery of DR1
and found that it may lead to different types of mech-
anism such as isomerization or photo-oxidation of the
molecule in its photodegradation[35]. Also studied is the
role polymer host plays in photodegradation and its re-
covery in DO11 and found that DO11 shows better re-
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FIG. 7: Fluorescence decay time constant as a function
of concentration.
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FIG. 8: Fluorescence recovery time constant as a
function of concentration.
covery from photodegradation in PMMA than when in-
corporated into a Styrene host matrix[36]. Therefore it is
beyond doubt that the environment also plays an impor-
tant role. Even though, we have not carried out any such
measurements, we do not rule out any such possibilities.
Because of the similarity in the structure of dye B with
DO11, we speculate that dye B is also influenced by its
environment in phtodegradation and recovery kinetics.
Next, we estimated the amount of self-absorption of
fluorescence signal by the sample before the final signal
falls onto the detector. Since the average thickness of
the our sample is about 300 µm, which is much thicker
than 1/e × the absorption length of the sample[12], self-
absorption must be taken into account. A plot of the ab-
sorbance and fluorescence spectra as shown in the Figure
9 shows that the two spectra overlap each other in a small
region around an energy of 2.40 eV, so self-absorption will
be large there.
We consider three points P, Q and R in Figure 9.
Around point P, which lies in the absorbance band, the
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FIG. 9: Absorbance and fluorescence spectra of
1-amino, 2,4-dibromo anthraquinone. Both spectra are
normalized to unity.
fluorescence spectrum emitted by the dye is strongly ab-
sorbed by the sample itself. Around point Q, which lies
in the weak part of the absorbance band, the fluorescence
emitted by the dyes is weakly absorbed by the sample.
Around point R, which lies in the transparent part of the
spectrum, the fluorescence signal is not absorbed. This
effect was ignored by previous studies which use ASE as
a probe[8, 9, 27].
The Equations that governs decay and recovery are
given by [9, 16]:
∂n(z, t)
∂t
= Nβ[1− n(z, t)]−
α
N
Ip(z, t)n(z, t) (3)
and
∂Ip(z, t)
∂z
= −Ip(z, t)N [n(z, t)Au(λp)
+ {1− n(z, t)}Ad(λp)], (4)
where n(z, t) is the fraction of undamaged population of
molecules, Ip(z, t) is the pump intensity at depth z and
time t, n′(z, t) is the population of undamaged molecules
at time t and at depth z, α is the decay rate per unit
intensity, β is the recovery rate, Au(λp) is the undam-
aged absorption per unit length at pump wavelength λp,
Ad(λp) is the absorbance of the damaged species per unit
length at pump wavelength λp, and N is the average num-
ber of molecules in a domain.
The programming code was written in Matlab 2013R.
For simplicity, we used the Euler method[30–32] to obtain
the numerical solution of Equations (3) and (4). We cal-
culated the intensity ratio iteratively[33], with the fitted
6parameters of the decay rate constant α and the recov-
ery rate constant β, until the theoretical intensity ratio
matches with the experimental intensity ratio to a toler-
ance level of ǫmax = 10
−4. The error bar σ = 2 × 10−3
is slightly greater than the tolerance level. The result is
shown in the Figure 10.
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FIG. 10: The experimental intensity ratio and the
theoretical model as a function of time.
After determining the value of the decay constant
rate α and the recovery constant rate β, the same code
was used to estimate the intensity and the undamaged
molecule fraction as a function of depth and time by us-
ing fixed α and β determined from the fit. Figures 11
and 12 show the model’s prediction of the intensity as a
function of time of exposure and depth in the sample.
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FIG. 11: The CCrDM’s prediction of intensity as a
function of time at various depth of the sample.
Figure 11 shows that the intensity decreases with the
depth at all the exposure times. Thus when a particular
layer of the sample is not completely damaged, it absorbs
some of the pump light so that the next layer will receive
less light. As the layer is damaged more and more, it
permits a greater amount of light to pass to the next
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FIG. 12: The CCrDM’s prediction of intensity as a
function of depth at various pump exposure times.
layer. Figure 11 shows this feature by the slow change of
the intensity at long times.
We simultaneously estimated, using the same code,
the evolution of the undamaged molecule fraction as a
function of depth and time, as shown in Figures 13 and
14. Figure 13 shows that the undamaged molecule frac-
tion decreases quickly at first, then saturates. At longer
times the undamaged population is depleted in a layer,
so the conversion rates from undamaged species to dam-
aged species tails off. Figure 14 shows that deeper inside
the sample, fewer molecules are damaged because most
of the pump light is absorbed by the layers above it.
As a result, the undamaged molecule fraction increases
with depth. Figure 14 also shows that at longer times,
the fraction of undamaged molecules decreases since the
pump light penetrates deeper inside the sample.
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FIG. 13: CCrDM’s estimation of the undamaged
molecule fraction as a function of time at various depth.
Figures 11, 12, 13 and 14 are consistent with each oth-
ers and in accordance to our expectation. We can con-
clude that the more a layer of the dye is damaged, the
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FIG. 14: CCrDM’s estimation of the undamaged
molecule fraction as a function of depth at various time.
more it become opaque for the pump laser beam to pass
to the next layer. This is seen to be in contrast with
DO11 where a layer, after it is damaged, becomes trans-
parent to the next layer[16].
After estimating the amount of self-absorption of flu-
orescence intensity by the sample before the transmitted
signal falls onto the detector, we proceed to find the de-
cay rate constant α and the recovery rate constant β for
a given fluorescence signal and the other parameters of
interest in the CCrDM. For this we first need to calculate
the time interval to damage half of the pristine molecules.
We did this by plotting the peak of the absorbance spec-
tra as a function of time. Figure 15 shows the plots and
the fitted function given by[11]:
Am(t, E0) = A
(0)
m +A
(1)
m exp(−t/τ), (5)
where, Am(t, E0) is the measured absorbance at time t
and energy E0 and A
(0)
m + A
(1)
m is the amplitude of the
absorbance peak at time t = 0.
The fitting parameters found are shown in the Table
II.
TABLE II: Fitting parameters obtained from fitting the
peak of the absorbance spectra as a function of time to
Equation (5).
parameters value
τ 130 ± 11 (mins)
A
(1)
m 0.66 ± 0.02 (OD)
A
(0)
m 1.01 ± 0.02 (OD)
Using the fitting parameters given in Table II and
Equation (5), the time required to damage half of the
population of the undamaged species is found to be
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FIG. 15: Peak of the absorbance spectra as a function
of time represented by points and the fit to Equation
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T1/2 = 172.175 mins.
To confirm that at the time T1/2 = 172.175 mins half
of the pristine population will be damaged, we also col-
lected the fluorescence spectra while the sample is being
damaged by the pump light. The plot is shown in the
Figure 16, which shows that at time t = 165 mins, nearly
half of the population is damaged.
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FIG. 16: Decay of the fluorescence spectrum as a
function of time.
Next, we used Equation (6) to calculate absorbance
due to the damaged species[11]:
Ad(E) = 2Am(t1, E)−Am(T1/2, E). (6)
/noindentation The result is shown in the Figure 17.
For comparison, we have also shown the absorbance due
8to the undamaged sample. The peak of the damaged
spectra is also about half of the peak of the undamaged
spectra, as we expected.
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FIG. 17: Spectra due to the damaged species. For
comparison, the undamaged spectrum is also shown.
Next we found the decay rate constant α and recovery
rate constant β for the fluorescence signal and calculate
the CCrDM parameters. Our data for both temperature
dependent decay time constant and recovery time con-
stant agrees with the domain model. The decay and the
recovery behavior of these data as a function of temper-
ature can be understood as follows. The dye molecules
form domains mediated by the polymer chain. As the
temperature increases, the average domain size decreases
because the thermal energy gained by the domain breaks
it apart into the smaller domains. However, there are
many domains of varying sizes within the sample. In a
particular domain where some of the molecules have al-
ready undergone photo decay, an additional exposure to
the pump beam causes a greater photo decay than in a
domain of the same size but with no damaged molecules.
Hence, the decay time constant decreases as a function
of temperature.
Similarly, at higher temperature the domains are
smaller with more damaged species. Hence, the dam-
aged species takes more time to recover to their original
state. At lower temperature, the domains are relatively
larger. As a result, the damaged species recover more
quickly. Therefore, the data shown in Figures 6 are con-
sistent with the domain model.
Similarly, the higher the concentration of the dye
molecules in the host polymer matrix, the larger the do-
main size. As a result, the sample takes more time to
decay. The decay time constant as a function of concen-
tration is also consistent with the domain model. There
is anomalous behavior at the concentration of 5 g/liter.
The behavior at this concentration is not fully under-
stood and has also been observed by others in similarly
structured DO11 dye[]. Further study is required to con-
firm this result and understand its cause. Hence aside
from the 5 g/l value, the behavior of the decay time
constant of the molecules as a function of concentration
shown in Figures 7 is consistent with the domain model.
Our data for the recovery time constant as a function of
concentration contradicts the domain model. According
to the domain model, the higher the dye concentration,
the greater the undamaged population. Hence, it should
recover quickly. The data in Figure 8 shows the opposite
behavior. The reason for this anomalous behavior is not
well understood yet. There could be other mechanisms at
work, which leads to the recovery of the damaged species.
This requires more study.
The details of how self-absorption is taken into account
for our geometry is given by the reference[11].
The theoretical prediction is compared with the ex-
perimental data as shown in Figure 18. The two agree
within the limits of the error bars except for 2-3 points
at the lower energy limit.
2.20 2.25 2.30 2.35 2.40 2.45
0.040
0.045
0.050
0.055
0.060
In
te
ns
ity
 ra
tio
Energy (eV)
 Program generated intensity ratio
 Expt. intensity ratio
FIG. 18: The experimental fluorescence intensity ratio
and the theoretical model.
After fitting the theoretical prediction with the ex-
perimental data, we found the decay rate constant α
and recovery rate constant β as the fitting parameters.
The critical intensity denoted by Ic is the ratio of β
to α It measures the intensity of the pump beam at
which no degradation is observed. Materials with large
Ic are desired because the higher the value of the criti-
cal intensity, the more photo robust the material is to
degradation. Our data gives the critical intensity of
Ic = (1.10± 0.45)× 10
−5(Wcm−2), which is quite high.
The results for the rate constants are summarized in
the Table III. For comparison, the corresponding rate
constants for DO11 is also listed in Table III.
The numerical value of the decay rate constant α we
have calculated for 1-amino, 2,4-dibromo anthraquinone
agrees with that for DO11 obtained by Anderson et al
within the limit of experimental uncertainty, but does
not agree with the same quantity obtained by Ramini
9TABLE III: The decay and recovery rate constants for
fluorescence self absorption in 1-amino, 2,4-dibromo
anthraquinone and DO11.
Molecules Decay constant Recovery Ic
α rate
cm2/(W ×min) β (min−1) (W/cm2)
×10−2 ×10−6 ×10−6
1-amino, 2,4- 11.7± 2.4 1.30 ± 0.72 11.0± 4.5
dibromo AQ
DO11[16] 15.5± 3.9 22.8 ± 9.5 150± 51
DO11[9] 12.2 ± 0.2 1.28 ± 0.12 10.5± 1.2
et. al. On the other hand, the recovery rate constant
β does not agree with that calculated by both Anderson
et al. and Ramini et al. The reason for this discrep-
ancies is that the nature of 1-amino, 2,4-dibromo an-
thraquinone is different from DO11, even though both of
these anthraquinone derivatives have similar structure.
Furthermore, the three separate studies employed differ-
ent techniques to determine the population of undam-
aged molecules. As a result, this might have led to at
least some of the differences.
Upon obtaining the value of the decay rate constant
α and the recovery rate constant β, we we tested our
data to the two population correlated chromophore do-
main model proposed by Ramini et al[9, 27]. Using the
depth effect given by Equations (3) and (4), we calcu-
lated the number density of molecules ρ, average number
of molecules in a domain N and partition function for a
single molecule in a domain z as the fitting parameters.
From the partition function for a single molecule in a
domain z, we calculated the free energy advantage per
molecule δµ, which is the energy required to extract one
molecule out of the domain. The results are listed in the
table IV. For comparison, we have also listed the value
of the domain model parameters for DO11 obtained by
Ramini et al and Anderson et al[9, 16].
TABLE IV: Parameters from correlated chromophore
domain model.
parameters value for value for
1-amino, 2,4-dibromo DO11
anthraquinone
N 61 ± 4 40 ± 5[27]
ρ 0.050 ± 0.003 0.02[9], 0.019[16]
δµ (eV) 0.53 ± 0.06 0.29 (eV)± 0.01[9, 16]
From the comparison given in the Table IV, we can
see that the numerical value of CCrDM parameters for
dye B are higher than the corresponding value for DO11.
The difference is not unexpected because the atoms or
group of atoms attached to carbon atoms of the benzene
ring is different in two dye molecules. Also the atoms are
attached to different carbon atoms of the benzene rings.
Equally important is the fact that both Ramini et al did
not take into account of the depth effect. The time scale
of the measurement in their study is also different. The
time scale for the recovery in our study is about 5-6 hours,
during which we did not observe the irreversibly damaged
species. Anderson et al. has observed the irreversibly
decayed species after taking the recovery measurements
for about 20-24 hours[16], which is a much longer amount
of time as compared to our measurements.
IV. CONCLUSION
Using fluorescence spectroscopy, we studied pho-
todegradation and recovery as a function of temper-
ature and concentration of 2,4-dibromo anthraquinone
molecule doped in host PMMA polymer. Based on
our observation, we compared the recovery rate of 2,4-
dibormo anthraquinone molecule with DO11. We found
that it takes more time to damage DO11 than 2,4-
dibormo anthraquinone dye and it takes less amount of
DO11 to self-heal than 2,4-dibormo anthraquinone dye
molecules. In other word, we found that DO11 is more
photo robust than the 2,4-dibormo anthraquinone dye
molecule. We also found that the surrounding environ-
ment as well as the host polymer matrix also plays a
crucial role in the recovery of the dye molecules.
The absorption spectra due to the damaged species
of 2,4-dibormo anthraquinone dye molecule was deter-
mined. Using the absorption due to the damaged species,
we also accounted for self absorption. We estimated the
intensity and population of undamaged molecule fraction
as a function of depth of the sample and the time of expo-
sure of the pump light. Our study showed that the more
a particular layer of the 2,4-dibormo anthraquinone dye
molecule is damaged, the more it become opaque to the
incident pump light to enter the next layer. This finding
is in contrast to DO11 where the hyperbolic tangent types
of curve showed that, upon damaged by the pump light,
the layer becomes more transparent to the pump light.
Finally we tested the Chromophore Correlated Domain
Model (CCrDM) and calculated the model parameters
as well as the fluorescence decay and recovery rate con-
stants of the dye, which characterize the decay and the
recovery rates of the dye. Our data qualitatively agrees
with the model.
There are many questions that remain unanswered. In
other to understand the self-healing properties of 2,4-
dibormo anthraquinone dye molecule, further indepen-
dent studies are required that explore the effect of pump
beam intensity, the effect of the gaseous environment
in which accelerated recovery may take place, the ef-
fect of electric field in the recovery of the dye molecule
etc. Furthermore, our data does not reveal any informa-
tion about the real physical existence of domains. Direct
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X-ray scattering measurements and Fourier Transform
Infra Red (FTIR) measurements may reveal important
aspects of the presence of the domain and their size dis-
tribution, the nature of the domain and the bonds hold-
ing them together. Even though our data qualitatively
agrees with the CCrDM, our results alone should not
be understood as the underlying mechanism for self re-
covery of the anthraquinone dye molecules. The other
mechanism or a combination of the other mechanism
such as photo-induced chemical reaction [], more species
involved[19, 20] and the composition of the host poly-
mer matrix[36] may also contribute the self recovery of
anthraquinone types of molecules.
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